Abstract. We investigated the specificity of hybridization based on a minimum free energy (∆G min ) through gel electrophoresis analysis. The analysis, using 94 pairs of sequences with length 20, showed that sequences that hybridize each other can be separated using the constraint ∆Gmin ≤ −14.0, but cannot be separated using the number of base pairs (BP ) in the range from 9 to 18. This demonstrates that the ∆G min is superior to the BP in terms of the capability to separate specific from non-specific sequences. Furthermore, the comparison between sequence design based on ∆G min and that based on the BP , done through a computer simulation, showed that the former outperformed the latter in terms of the number of sequences designed successfully as well as the ratio of successfully designed sequences to the total number of sequences checked.
Introduction
Sequence design is an essential step towards success in various applications of DNA computing, including DNA-based computation [1] [2] and nano-fabrication [3] [4] . Many efforts have been made to design a set of sequences that hybridize only with their complementaries based on the Hamming distance (i.e., the number of base pairs, BP ) [5] [6] [7] or the minimum free energy (∆G min ) [8] . Although many algorithms have been proposed for sequences whose BP or ∆G min values exceed a threshold for satisfactory hybridization specificity, the threshold itself is still unknown. Furthermore, it is not known whether sequence design with the appropriate threshold is best based on the BP or on ∆G min .
We have investigated the specificity of hybridization by analyzing 94 pairs of sequences with length 20 using gel electrophoresis based on the BP or ∆G min . Based on this experiment, we estimated the thresholds that the BP and ∆G min must reach to enable satisfactory hybridization specificity under regulated conditions such as where two sequences hybridize each other with a 1:1 concentration ratio. We then compared the number of sequences that can be designed based on the BP with that based on ∆G min with these thresholds. Furthermore, through the gel electrophoresis analysis, we found that sequences containing sub-sequence "GGGGG" formed an unintended structure, which appeared to be the four-stranded G4-DNA structure [9] . To confirm that this structure was formed by interaction between GGGGG and GGGGG, we analyzed mutated sequences obtained by changing the sequences with GGGGG.
Materials and Methods
Two sequences were hybridized with each other and then analyzed through gel electrophoresis to investigate the hybridization specificity. Because gel electrophoresis does not require an enzyme reaction (e.g., kination and PCR), we can investigate the hybridization specificity while avoiding the influence of extra experimental steps. We checked whether two sequences, A and B, hybridized each other as follows. Sequences A, B, and A + B with a 1:1 concentration ratio were electrophoresed through a 10% polyacrylamide gel. If the band in the lane for A + B corresponded to neither the band in the lane for A nor that for B, we assumed A and B hybridized each other (Figure 1) . Thus, if any extra bands in the lane for A + B were observed by eye, we classified the outcome as "hybridize"; otherwise, we classified it as "non-hybridize". However, the double strand between A and B could break down into two single strands during the gel electrophoresis, so we had to take into account that we could not distinguish these from the sequences that did not hybridize with each other. Although this simple model only focuses on the hybridization between two sequences without any competitive sequences, the sequences found to hybridize in the experiment are likely to be harmful even under other conditions. Therefore, it is better to avoid such sequences to avoid blocking a specific hybridization.
The BP between sequences A with length n and B with length m is defined as
where H( * , * ) denotes the Hamming distance, σ k denotes the right (left) bit shift in the case of k > 0 (k < 0), k denotes the number of the shift, and B denotes the reverse complementary of B. Note that the BP is equivalent to the H-measure proposed by Garzon et al. [10] in the case of n = m.
We calculated ∆G min between two sequences using the extended algorithm for the ∆G min calculation of a single strand [11] . The calculation was done as reported previously [8] .
We analyzed 94 pairs of sequences with length 20 having various values of ∆G min for each BP in a range from 9 to 18. The 94 pairs of sequences were chosen as follows. First we randomly generated 100,000 pairs of sequences for each BP through a computer simulation where T M was in the range 69.58 ≤ T M ≤ 72.58 and the ∆G min between each sequence and itself was greater than or equal to a threshold, −3.0, so that the sequence would not form secondary structures by itself. The T M values of 69.58 and 72.58 were, respectively, T M ave − 1.5 and T M ave + 1.5, where T M ave is the average calculated from 10,000 randomly generated sequences with length 20. The frequency distribution curves in Figure 2 show that the number of sequences with a particular BP varies with ∆G min . We then chose pairs of sequences that would contain the maximum and minimum ∆G min value for each BP . When the BP was 12, for example, the selected sequences included those with ∆G min = −0.54 and those with ∆G min = −21.24, respectively the maximum and minimum from 100,000 pairs of sequences.
Oligonucleotides were supplied by Hokkaido System Science and were synthesized using column purification. All oligonucleotides were dissolved in a buffer containing 1 M NaCl, 10 mM Na 2 HPO 4 , and 1 mM Na 2 EDTA with a pH of 7.0. The oligonucleotide concentrations (Ct) of each sample were determined from the difference in absorbance at 260 nm and that at 320 nm using extinction coefficients calculated from dinucleoside monophosphates and nucleotides [12] . The oligonucleotides were hybridized by increasing the temperature to 90 • C for 10 min and lowering the temperature to 20 • C at heating rates of 0.08 and 0.02 • C/s, respectively. It took about 14 and 58 minutes, respectively, to go from 20 • C to 90 • C and from 90 • C to 20 • C: this is almost the typical protocol for the thermodynamic analysis [13] . All gel electrophoresis profiles were obtained using a 10% polyacrylamide gel in a 1×TAE buffer at 200 V for 35 min. We used 2 µl samples at a concentration of 1 µM. Bands in the gels were dyed using SYBR Gold nucleic acid gel stain for 20 min. The results are shown in Figure 2 . All the pairs of sequences that hybridized with each other can be separated from the other pairs by the constraint ∆G min ≤ −14.0, but these two groups could not be separated using the BP in the range from 9 to 18. Table 1 shows the number of sequences from 100,000 sequences where ∆G min ≤ −14.0 for each BP . The BP had to be less than 13 to guarantee that the number of sequence pairs where ∆G min ≤ −14.0 would be lower than 5% of the total. These results demonstrate that ∆G min is superior to the BP in terms of the capability to separate specific from non-specific sequences. However, there seemed to be some pairs of sequences that did not hybridize with each other even though ∆G min ≤ −14.0 (e.g., the pair of sequences where ∆G min = −15.1 and the BP was 13). This was probably due to the prediction error for ∆G min and the limit of separability with gel electrophoresis.
Through the above experiment, we found that five single oligonucleotides resulted in unexpected bands on gels with slow mobility. All of these sequences contained sub-sequence "GGGGG", while the others did not. We believe the sequences containing GGGGG may have formed the four-stranded G4-DNA structures [9] . tets [9] . In particular, they observed that sequences containing GGGGG formed G4-DNA. In addition, the characteristic feature of G4-DNA is its slow electrophoretic mobility, which is consistent with our results. Thus, we think that the unexpected bands, which were observed through the experiment in previous subsection, were due to interaction between GGGGG and GGGGG.
To confirm this, we analyzed five sets of sequences; each set consisted of a sequence with GGGGG, its complementary with CCCCC, and two mutated sequences. The two mutated sequences were generated as follows. One contained GGGG rather than GGGGG, while the other did not contain base G except for GGGGG (Figure 3 ). For example, in set 'a' in Figure 3 , AAGGGGTTCTATGGTGTATT and AGGGGGTTCTATACTC-TATT were, respectively, the sequence containing GGGG and the sequence containing no Gs except for GGGGG, where the underlined base is the base changed from the sequence AGGGGGTTCTATGGTGTATT. Figure 3 shows that sequences with GGGGG formed a structure with slow electrophoretic mobility regardless of the presence of other Gs, while the sequence with GGGG and the sequence with CCCCC did not form such a structure. This indicates that the structures of the unexpected bands were formed by interaction between GGGGG and GGGGG. The structures of the unexpected bands, which we believe are G4-DNA, must compete with the specific hybridization and will be intermediate to the unintended structures. Therefore, we conclude that sequences with GGGGG should be avoided when designing specific sequences.
Sequence Design Based on ∆G min versus That Based on BP
To evaluate sequence design based on ∆G min , we compared it with sequence design based on the BP in terms of the number of sequences successfully designed within 10 hours. We designed sequences with length 20 such that 69.58 ≤ T M ≤ 72.58 and ∆G min > ∆G * min (BP < BP * ) in the combinations described below, where ∆G * min and BP * are the thresholds. We set ∆G * min = −14.0 and BP * =11, 12, or 13 based on Figure 2 and Table 1 ; for BP =11, 12, or 13, there were, respectively, 757, 2,934, or 8,544 pairs of sequences (out of the 100,000 pairs of sequences) where ∆G min ≤ −14.0. In the case that n sequences were to be designed, the combinations to be considered for the ∆G min (BP ) calculation were as follows.
< U
is the concatenation of sequences X j and X k in that order, and < U i , X j X k > is the combination of sequences U i and X j X k . For example, if U i = CCCCC, U j = AGAGA, and CCCCC and AGAGAT CT CT . The algorithm for both sequence designs was a random generate-and-test algorithm that generated a candidate sequence randomly and tested whether the sequence satisfied the constraints. Furthermore, when we designed sequences based on ∆G min , we used the ∆G gre filtering method, which effectively excluded inappropriate sequences where ∆G min ≤ ∆G * min , thereby reducing the computation time. Finally, the sequence design based on ∆G min checked the candidate sequence with the T M , ∆G gre , and ∆G min filters in that order, while that based on BP checked the candidate sequence with T M and BP filters in that order (see reference [8] for details). The computational experiments were performed using Turbolinux Workstation 7.0 on a computer with a Pentium 4 2.26-GHz CPU and 256 MB of memory. The experiments were iterated five times with a different seed for the random generator. The results are shown in Table 2 . The number of sequences successfully designed based on ∆G min exceeded that based on the BP . This shows that sequence design based on ∆G min is more effective than that based on the BP when designing specific sequences that hybridize with only the complementary. Table 2 . Number of sequences successfully designed within 10 hours based on ∆Gmin versus BP . The experiments were iterated five times with a different seed for the random generator. In the column ∆G min > −14.0, the numbers in parentheses correspond to the design strategy without ∆Ggre filtering. Using ∆Ggre filtering enables the design of more sequences. Sequence design based on ∆G min outperformed that based on the BP even without ∆Ggre filtering. Above we demonstrated that more sequences can be successfully designed based on ∆G min than based on the BP . However, the number of sequences that can be designed also depends on the sequence design algorithm. Thus, one might think that sequence design based on the BP with a more sophisticated algorithm might outperform that based on ∆G min . It is difficult to prove that any and all algorithms based on ∆G min are superior to those based on the BP . Instead, we investigated the ratio of successfully designed sequences to the total number of sequences checked because this ratio corresponds to the size of the solution space that can be designed under predefined constraints. Table 3 shows that the ratio of sequences successfully designed based on ∆G min was far larger than that based on the BP (e.g., 2.8% 1.9 · 10 −4 %). This means that the solution space that can be designed based on ∆G min is undoubtedly larger than that based on the BP . Therefore, although the time complexity of BP is less than that of ∆G min , the number of sequences that can be designed based on ∆G min is greater than that for the BP (Table 2 ). These results demonstrate the rationality of sequence design based on ∆G min . Table 3 . Ratio of successfully designed sequences to total number of sequences checked. The experiments were iterated five times with a different seed for the random generator. In the column ∆G min > −14.0, the numbers in parentheses correspond to the design strategy without ∆Ggre filtering. 
Conclusions
We conclude that using ∆G min is preferable to using the BP to separate specific hybridization from non-specific hybridization. With an appropriate threshold, sequence design using ∆G min outperformed that using the BP in terms of the number of sequences that could be successfully designed. Comparison of the ratio of successfully designed sequences to the total number of sequences checked showed that the superiority of ∆G min over the BP probably does not depend on the algorithm used for the sequence design.
In addition, our analysis of sequences with GGGGG and their mutated sequences suggested that the sequences with GGGGG formed G4-DNA. Thus, sequences with GGGGG should be avoided when designing specific sequences.
